INTRODUCTION
With the introduction of admittance measurements in single-cell electrophysiology (Neher and Marty, 1982) , more detailed investigations of the key processes of membrane fusion have become possible. An analysis of fusion-induced changes in cell admittance has shown that biological fusion occurs through a small pore linking two previously separated aqueous compartments (Zimmerberg et al., 1987; Breckenridge and Almers, 1987) . The conductance and kinetics of the formation and widening of the fusion pore yield information about the immediate mechanisms of fusion, such as the molecular size of the initial fusion site, the reversibility of its formation, and the driving forces behind the subsequent fusion pore widening.
Although viral envelope proteins are the best characterized fusion proteins, electrophysiological analyses of their fusogenic properties in cell membranes are limited (Lanzrein et al., 1993; Plonsky and Zimmerberg, 1996; Spruce et al., 1989 Spruce et al., , 1991 Tse et al., 1993; Zimmerberg et al., 1994) . Large variability in the characteristics of fusion pores has been reported. Fusion pores mediated by influenza hemagglutinin (HA) appear ϳ30 s after triggering by low pH, sometimes flicker (open and close before the final irreversible opening), and, when measured with 1-to 3-ms time resolution, have a small initial conductance of ϳ0.6 nS (Spruce et al., 1989 (Spruce et al., , 1991 Zimmerberg et al., 1994) . Initial fusion pores induced by the GP64 of the Autographa californica multicapsid nuclear polyhedrosis virus (AcMNPV) have a higher conductance (ϳ1.3 nS) than those mediated by HA, do not flicker, and appear ϳ0.6 s after triggering (Plonsky and Zimmerberg, 1996) . Because studies on GP64-and HA-mediated pores were conducted in experimental systems with different host and target cells and protein surface densities, it is unclear to what extent these differences in the properties of pores induced by these fusion proteins are due to variations in their sequences, their expression levels, or variations in the composition and energetics of the membranes that they fuse.
Structure-function relationships between fusion proteins and fusion pores will probably become as important for investigations into the mechanism of fusion as they are now for the study of ionic channels. However, for proper experimentation and analysis, a defined system for expression, membrane fusion, and electrophysiological recordings should be developed. To date, only HAinduced fusion pores have been studied using the same host cells (HAb2) and different target membranes (RBC and planar lipid bilayers; Melikyan et al., 1995a Melikyan et al., , 1995b Spruce et al., 1989 Spruce et al., , 1991 Zimmerberg et al., 1994) . Different conductance and tendencies to flicker were reported in each of these studies, suggesting that the target membrane greatly affects the process of fusion. However, for HAb2/bilayer fusion, the target membrane has considerable surface tension (minimal in cells), which pulls open the fusion pore (Chizmadzhev et al., 1995; Melikyan et al., 1995b) . Thus the role of different target cell membranes in determining the initial fusion pore phenotype remains unknown.
Data on natural variability in fusion protein sequence between different species of viruses accompanied by observations of dissimilarities of their pore phenotypes could provide insights into structure-function relationships, particularly when modeling mechanisms of fusion. The GP64 protein of another species, Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus (OpMNPV), efficiently mediates membrane fusion and is capable of functionally complementing a deletion of the gp64 gene in the AcMNPV genome (Monsma et al., 1996) . The ectodomains of OpMNPV and AcMNPV fusion proteins (GP64 Op and GP64 Ac , respectively) have ϳ80% identical amino acid sequences, with a conserved hydrophobic fusion domain and a large leucine zipper motif. Although most differences in the ectodomains of these two proteins represent conservative substitutions, some of these substitutions are located within and adjacent to the previously identified hydrophobic membrane fusion domain (Blissard and Rohrmann, 1989; Monsma and Blissard, 1995) and thus could affect the characteristics of the fusion pore.
To study the role of the target membrane in determining the fusion pore phenotype, we developed a defined cell system for fusion protein expression, membrane fusion, and electrophysiological recordings by generating a stably transfected GP64
Op -expressing cell line, Sf9
Op1D . Sf9 Op1D cells were used as the hosts in all experiments, whereas the targets were either wild-type Sf9 cells or RBCs. We found that the conductance of the initial fusion pore induced by GP64
Op does not depend on the target cell, and the pore does not flicker in either combination of cells. This suggests little influence of the target membrane on initial pore characteristics. However, the pore waiting times (interval between triggering and pore formation) measured for Sf9 Op1D /RBC pairs were significantly shorter than those for Sf9
Op1D /Sf9 cells, indicating that the target membrane can affect the kinetics of fusion pore formation. For fusion pores, measured in the Sf9
Op1D /RBC system, there was no correlation between their initial conductance and waiting times. This argues against a model in which aggregation of a nonfixed number of fusion protein trimers is assumed to be a rate-limiting step in fusion kinetics.
RESULTS

Stably transfected cells expressing OpMNPV GP64
Because previous studies have shown wide variation in protein expression from cells transiently transfected with plasmids expressing the GP64 protein (Monsma et al., 1996) and because OpMNPV does not replicate in Sf9 cells, we generated and selected a stably transfected cell line that expresses GP64
Op on the cell surface at levels similar to those of infected cells. To generate cell lines constitutively expressing the GP64 Op protein, Sf9 cells were cotransfected with plasmid p64-166 (Blissard and Wenz, 1992) , which encodes the OpMNPV gp64 open reading frame under the control of an optimized OpMNPV early promoter construct (Blissard and Rohrmann, 1991) , and with plasmid pAcie1-Neo, which encodes a bacterial neomycin resistance gene under the control of the AcMNPV ie1 promoter (Monsma et al., 1996) . After selection in medium containing G148, several cell lines expressing high levels of GP64 were identified by immunofluorescence microscopy (not shown) and flow cytometry. One cell line, Sf9
Op1D
, was selected for use in the current study because it demonstrated the following combination of characteristics. Sf9
Op1D expressed high GP64 surface levels, with a relatively narrow variation in surface levels of GP64 among cells. We compared cell surface GP64 expression ( Fig. 1 ) from cell lines Sf9
Op1D and Sf9 (a previously generated cell line expressing GP64
Op ; Monsma et al., 1996) , AcMNPVinfected Sf9 cells (24 h postinfection), and transiently transfected Sf9 cells expressing GP64
Op (48 h posttransfection). In previous studies, it was demonstrated that cell line Sf9
Op64-6 expresses similar surface levels of GP64 to those found on the surface of AcMNPV-infected Sf9 cells (Monsma et al., 1996) . However, the cell-to-cell variation in surface densities of GP64 in Sf9 OP64-6 cells was somewhat higher than that of AcMNPV-infected Sf9 cells, as shown in Figs. 1B and 1D. This wide variation was also observed in transiently transfected cells expressing GP64 (Fig. 1E) . In contrast, the cell line generated for the current study, Sf9
, exhibits surface levels and the more narrow cell-to-cell variation in surface expression of GP64 that more closely approximate those found in AcMNPV-infected Sf9 cells (Figs. 1B and 1C) . Abundant cell surface localization of GP64 Op was also confirmed by immunofluorescence microscopy (Fig. 2) .
Binding of RBCs to insect cell membrane
The transfer of RBCs to the experimental chamber induced binding of erythrocytes to a fraction of Sf9 Op1D cells. Some Sf9
Op1D cells bound few (up to 10) RBCs. These aggregates were observed in transmission electron microscopy (Fig. 3A) . Micrographs with high magnification (Fig. 3A, inset) showed that the distance between the two bound membranes is comparable to the thickness of the membrane (ϳ10 nm), matching the height of the baculovirus spikes believed to be built of GP64 (Adams et al., 1977) . Binding of AcMNPV baculovirus to Sf9 cells was recently characterized (Wang et al., 1997) . To examine whether binding of RBC to Sf9
Op1D cells was induced by GP64, RBCs were added to wild-type Sf9 cells. To our surprise, Sf9 cells were also able to form close contacts with RBC (Fig. 3B) . However, the contact area between Sf9
Op1D cells and RBCs appeared to be more extensive than that between Sf9 and RBCs. Although more quantitative study is required to fully investigate this observed binding phenomena, the simplest explanation is that Sf9
Op1D cells can form specific (GP64-related) as well as nonspecific contacts with RBCs.
Admittance analysis of GP64-induced fusion
Fast delivery of the acidic solution triggered the transfer of membrane dye from bound RBCs to Sf9 Op1D cells, signifying the pH-dependent development of a hydrophobic pathway between two cells (Fig. 4) . In 35 of 53 experiments, acidification caused characteristic changes in the pipet-cell admittance: a reversible alteration in the real component with a peak value of a few nS, an increase in the imaginary component to a maximum value of ϳ10 nS (Fig. 5A) , and a current Op64-6 ) and transiently transfected cells (Sf9, transfected), respectively.
FIG. 2. Immunolocalization of OpMNPV GP64 on the surface of stably transfected cells. Control Sf9 cells (A and B) or stably transfected Sf9
Op1D cells (C-F) were fixed, immunostained with an anti-GP64 Mab (AcV5), and examined by immunofluorescence microscopy. The GP64 protein was detected in the cytoplasm and at the surface of Sf9 Op1D cells that were fixed and permeabilized with methanol (C and D). When Sf9
Op1D cells were fixed with paraformaldehyde (not permeabilized), GP64 was detected only at the cell surface (E and F). No immunostaining was detected on control Sf9 cells fixed with methanol (A and B). Confocal immunofluorescence micrographs (A, C, and E) represent 1-m optical sections, and light micrographs represent differential interference contrast images (B, D, and F). discharge seen in cell conductance (Fig. 5B , inset 1). These changes in Y as well as G DC were induced by membrane fusion (Breckenridge and Almers, 1987; Neher and Marty, 1982; Zimmerberg et al., 1987) . In agreement with previous findings (Spruce et al., 1989 (Spruce et al., , 1991 , RBC capacitance had a mean value of 1.0 Ϯ 0.2 pF, as calculated according to Eq. 2. Fusion pores between Sf9
Op1D and erythrocytes developed through the characteristic stages of initial pore appearance, followed by pore widening, stabilization of the intercellular conductance between a few and tens of nS, further pore dilation, or a jump to an even higher conductance (Fig. 5A, inset) . These stages were described for mast cell exocytosis (Curran et al., 1993) , Op1D and RBC and the wild-type Sf9 cell and RBC are shown with high magnification in the corresponding insets (bar equals 100 nm).
as well as for HA-induced fusion of fibroblasts with artificial membranes (Melikyan et al., 1993) .
A similar progressive stage-like development of the fusion pore conductance was observed after acidification of Sf9 Op1D /Sf9 cell pairs in 21 of 32 experiments. Typically, in Sf9
Op1D /Sf9 pairs, Re (real part of a pipet-cell admittance) reached its maximum after a few tens of nS and did not completely return to the baseline level as in Sf9
Op1D /RBC fusion. Im (imaginary part of a pipet-cell admittance) increased to a higher value of ϳ100 nS (not shown). A transient change in G DC (due to the charging of the membrane of the nonclamped target Sf9 cell to the holding potential of the host cell) lasted longer than the one that was characteristic of SF9 Op1D /RBC fusion (Fig. 5B, inset 2). All these differences in the electrophysiological properties were the result of the higher membrane capacitance of Sf9 cells (10 Ϯ 3.8 vs 1 Ϯ 0.2 pF for Sf9 cell and RBCs, respectively). To prove this, computer simulations of pore widening were performed as follows. Theoretically, the fusion-induced increment of Re equals
, and an increment of Im equals et al., 1987) . When Sf9 cell or RBC C m2 mean values were substituted in the above expressions and G p was increased up to 1 S, the calculated values of Re and Im were consistent with those observed in experiments. Also, the target membrane capacitance, calculated from the current transient time constants and known initial G p , matched the corresponding values of C m2 found by admittance measurements (Fig. 5B, insets 1 and 2 ). This indicates that the duration of current transients in Sf9 Op1D /RBC and Sf9
Op1D /Sf9 cells reflected the difference in membrane capacitance of Sf9 cells and RBCs.
The conductance of the initial fusion pore
For Sf9
Op1D /RBC pairs, the mean conductance of the initial fusion pore was 1.2 Ϯ 0.7 nS (range, 0.3-2.6 nS; n ϭ 33). Two pores in this group exceeded 4 nS. We assumed that the transition of these pores into the widening stage was faster than our time resolution and have not included them in further statistical analysis. In the case of Sf9 Op1D /Sf9 pairs, the mean initial G p was 1.4 Ϯ 0.7 nS, varying between 0.2 and 2.8 nS (n ϭ 21). The histogram of the initial G p for each combination of cells is shown in Fig. 5B . Because both samples passed the test for normality of distribution and had equal variance, two means were compared using an unpaired t test, which showed no statistically significant difference between these two samples of conductance. To check for the minimal detectable difference in sample mean values, the power of the t test was calculated. The results of calculations indicated that given these sample statistics and sizes, we could detect a significant difference between the two means if G p in Sf9 Op1D /RBC pairs was Ͻ0.8 nS.
Flickering (opening and closure of the pore before irreversible widening) was observed in neither Sf9 Op1D / RBC nor Sf9 Op1D /Sf9 cell pairs. Similar pores are also characteristic of GP64 Ac -induced fusion: their mean conductance is 1.3 Ϯ 0.6 nS and they never close (Plonsky and Zimmerberg, 1996) . Op1D with human erythrocytes monitored by the dye redistribution technique. Fusion was triggered by a pressure pulse applied to a delivery pipet filled with acidic solution. RBCs were labeled with a membrane dye PKH26. Cells are shown in bright-field (A) and fluorescent microscopy before (B) and 3 min after (C) triggering.
Kinetics of fusion pore formation
FIG. 5. GP64
Op -induced Sf9 Op1D /RBC cell fusion, studied by the time-resolved admittance measurement technique. (A) Fusion-related alterations in both real and imaginary components of the cell admittance. Changes in Re, Im were triggered by a short pressure pulse (between arrows) applied to the delivery pipet, which contained acid solution. Direct current conductance (G DC ) showed no drastic change during fusion. Fusion pore conductance for the time interval indicated by the bar was calculated and plotted in the inset. Here, the arrow indicates initial fusion pore appearance. Further pore widening was accompanied by increasing noise due to vanishing ⌬Re (see Eq. 1). (B) The distribution of the initial pore conductance for Sf9
Op1D /RBC (black columns) and Sf9 Op1D /Sf9 (white columns) cell-cell fusion. Initial fusion pores (F) in Sf9 Op1D /RBC (inset 1) and Sf9 Op1D /Sf9 (inset 2) pairs are shown with accompanied current discharges (E). In the recordings displayed in the insets, background holding currents have been subtracted. Point-to-point intervals equaled 1 ms. Notice that the initial pore shown in inset 2 was stable, despite its large conductance. For the Sf9
Op1D /Sf9 pair, a current discharge lasted longer due to the higher value of the target cell capacitance. Current discharges were fit to the single-exponential decay function I ϭ I 0 ⅐ exp(Ϫt/), where the time constant, , equals C m2 /G p (insets 1 and 2) . Values of were 1.04 ms for RBCs and 6.8 ms for Sf9 cells. The capacitance, calculated from and G p , was 1.04 pF for RBCs and 10.2 pF for Sf9 cells, matching the values of C m2 for both types of cells using admittance measurements.
failed to pass the normality test, nonparametric statistics were used for their comparison. The Kolmogorov-Smirnov (KS) test showed that the difference between these two median values was statistically significant (D max ϭ 0.38, D tab ϭ 0.37).
Experimental waiting times, prepared as a semilog survival plot, were fit to Eq. 3, derived from a multiple parallel element model (MPM) (Plonsky and Zimmerberg, 1996) , in which fusion is controlled by independent elements a and b, and for fusion to occur, n independent elements a and one element b should all enter their permissive state (see Materials and Methods for details). Results of the fit are shown in Fig. 6 . The following parameters and the coefficient of the determination were obtained (given with standard error): n ϭ 19.9 Ϯ 6.6, k 1 ϭ 12.7 Ϯ 1.5 s
Op1D /RBC fusion, the n value was the same as that obtained for fusion of Sf9 cells infected with AcMNPV baculovirus (Plonsky and Zimmerberg, 1996) . Assuming that the a element of the model corresponds to a fusion peptide or cytoplasmic domain, of which there is thought to be only one per monomer, one can speculate that the results of our fit for n ϳ 19 would correspond to ϳ19 monomers (6 Ϯ 2 trimers) of GP64 to provide sufficient structural elements to form a fusion-competent complex. For Sf9
Op1D /Sf9 fusion, the fitting algorithm did not converge to a minimum value of 2 ; thus no unique set of parameters was obtained.
To determine the strength of the association between the initial pore conductance and waiting time values, we used the Pearson correlation test (Fig. 6, inset) . The value of P and r s obtained for Sf9 Op1D /RBC fusion (0.750 and 0.006, respectively) shows that there is no correlation between initial G p and t w , signifying that the formation of larger initial pores does not require longer (or shorter) waiting times.
DISCUSSION
In the present study, we characterized the fusion pore formed by the OpMNPV baculovirus envelope glycoprotein GP64
Op . The fusion protein was expressed in the stably transfected cell line Sf9 Op1D /RBC (circles) and Sf9 Op1D /Sf9 (triangles) pairs were plotted as survival probability points, P t , as explained under Materials and Methods. P t were fit to the theoretical probability function, P(t), derived on the assumption of the multielement parallel model (Eq. 3). The resulting curve for fusion of Sf9 Op1D /RBC pairs is shown as a solid line. Inset, waiting times between acid solution delivery and fusion pore formation in Sf9
Op1D /RBC cell pairs were plotted against corresponding initial pore conductance. The Pearson correlation coefficient, r s , shows no significant association between these two variables.
Sf9
Op1D /Sf9 cell fusion, and flickering of the pore was not observed in either combination of cells. This indicates that the target cell neither determines the size of the initial pore nor changes the irreversible character of the pore. However, the target cell influences the kinetics of the fusion pore formation. Waiting times for Sf9 Op1D /RBC pairs were shorter than those for Sf9
Op1D /Sf9 cells. No correlation between the fusion pore waiting time and conductance was found, indicating that the formation of larger initial pores does not require longer or shorter waiting times.
The target membrane determines neither the conductance nor the reversibility of the fusion pore Earlier, the architecture of the GP64-induced initial fusion pore was visualized as entirely made of bent bilayers enclosed within a proteinaceous fusion complex formed by a ring of GP64 trimers (Plonsky and Zimmerberg, 1996) . The lipidic nature of the initial fusion pore adopted for the GP64 fusion "machine" is essential to a class of models (Chernomordik et al., 1995; Nanavati et al., 1992; Zimmerberg et al., 1991) that are strongly supported by the data showing that (1) both wild-type and a mutation of influenza HA lead to hemifusion (Chernomordik et al., 1998; Kemble et al., 1994; Melikyan et al., 1995c) and (2) the inhibition and promotion of fusion correlate with lipid intrinsic curvature (Chernomordik et al., 1995) .
Theoretically, lipid composition can determine pore reversibility (flickering). If the intrinsic radii of curvatures of contributing species are energetically unfavorable (have negative curvature), the resulting force in the most bent region of the pore could cause pore closure (Kozlov et al., 1989; Nanavati et al., 1992) . Dimpling of the target membrane toward the host membrane inside fusion protein walls was suggested by models of exocytotic (Monck and Fernandez, 1992) as well as viral fusion "machines" (Blumenthal et al., 1995) . Therefore, the target membrane might line the narrowest, conductance-limiting part of the initial fusion complex and influence pore size and reversibility. To date, differences in experimental systems (i.e., variations in fusion proteins, and in host and target membranes) have confounded the analysis of the role that major components of the fusion reaction play in determining initial pore characteristics. Therefore, it remains unclear whether the observed differences between pores induced by GP64 and HA are due to the sequence and stoichiometry of fusion proteins or due to the composition and energetics of membranes.
RBCs were used as target cells in experiments on HA-mediated fusion; small flickering pores were observed in these studies (Spruce et al., 1989 (Spruce et al., , 1991 Zimmerberg et al., 1994) . If, in our experiments, the RBC membrane had converted the large nonflickering GP64-type pores into small flickering HA-type pores, it would strongly indicate a predominant role of the target membrane in determining the initial pore phenotype. The calculated power of the performed t test showed that if the initial G p in Sf9
Op1D /RBC pairs is the same as that characteristic for HA (0.6 nS), it would have been detected in our experiments. Thus the assumption that the initial conductance of the fusion pore in Sf9 Op1D /RBC pairs is the same as that characteristic of HA-induced cell/RBC fusion can be safely rejected.
In the present study, we found that in a well-defined cellular system in which all major components participating in fusion except the target membrane remain the same, neither the initial conductance nor the reversibility of the initial pore formation is dictated by the target membrane: GP64
Op -induced pores between Sf9 Op1D / RBC cells or Sf9 Op1D /Sf9 cells were identical. We conclude that the conductance and flickering of the initial fusion pore are determined either by the host membrane or by the fusion proteins in the fusion aggregate. The influence of the palmitatoylated cystein residues in the cytoplasmic tail of HA on fusion pore flickering was recently revealed (Melikyan et al., 1997) , supporting the involvement of fusion proteins in flickering.
Fusion proteins that belong to two different baculoviruses form similar fusion pores
Fusion pores between two AcMNPV virus-infected Sf9 cells were recently studied (Plonsky and Zimmerberg, 1996) . GP64 Ac -induced pores have characteristics similar to those mediated by GP64 Op : their initial conductance exceeds 1.0 nS, and they form rapidly and never flicker. A comparison of pores induced by two closely related proteins in AcMNPV-infected Sf9 cells and Sf9
Op1D /Sf9 pairs showed no statistically significant differences in their initial conductance; any difference exceeding 0.5 nS would be detected. The difference in the median waiting time in infected cells (0.6 s) and Sf9
Op1D / Sf9 pairs (0.9 s) was not significant, as tested by nonparametric statistics. Although the power of the t test was not sufficiently high to detect small differences in pore conductance, we conclude that the divergence in GP64 Ac and GP64 Op sequence was not reflected in the characteristics of the initial fusion pore.
Kinetic evidence argues against rate-limiting assembly of the fusion site from an arbitrary number of GP64 trimers
The aggregation of a pore complex from a number of fusion protein trimers is a viable hypothesis for intermediates in virus-induced fusion (Bundo-Morita et al., 1988; Ellens et al., 1990) . Here, the correlation analysis was used to consider two different models of GP64-induced fusion. The first model assumes that (1) a nonfixed number of fusion protein trimers forms the complex (Bentz, 1992) , (2) the conductance of the initial pore is deter-mined by the size (i.e., stoichiometry) of the complex, and (3) complex assembly limits the rate of fusion. In this case, pores that have a larger initial conductance would have longer waiting times. Similar to the first model, the second model is based on assumptions 1 and 2, but it does not imply that the complex assembly limits the rate of fusion. It suggests that large, preassembled pore complexes have a higher probability of initiating fusion than smaller ones. If the second model held true, highly conductive initial pores would have had shorter waiting times. The lack of correlation between G p and t w allowed us to reject both models considered above.
A wide variety of kinetic schemes that visualize a sequence of membrane fusion intermediates are currently being discussed; some of these consider the cooperativity or independence of major reactants (Bentz, 1992; Blumenthal et al., 1996; Danieli et al., 1996; Melikyan et al., 1993) . Blumenthal and his colleagues first applied a multielement parallel (Hodgkin-Huxley) formalism to fit the distribution of times between small and partially open HA-induced fusion pores (Blumenthal et al., 1996) . We found that MPM fits the distribution of waiting times between fusion triggering and initial pore formation in GP64 Ac -mediated Sf9/Sf9 fusion (Plonsky and Zimmerberg, 1996) . In MPM, n independent elements should enter their active state to initiate fusion. If an MPM-based kinetic equation fits the data, predictions of the number of multiple elements can be made. Assuming that the kinetics of fusion reflect changes occurring after the aggregation of trimers, one can speculate that 6 Ϯ 2 GP64 Ac trimers are required for the formation of the fusion pore (Plonsky and Zimmerberg, 1996) . Recently, an analogous structure was observed for the mutant form of the rabies virus fusion protein by means of electron microscopy (Gaudin et al., 1996) . In the present study, the equation based on the assumptions of MPM was able to fit the t w distribution in the Sf9
Op1D / RBC system with the same number of participating elements, confirming our model of GP64 fusion complex. MPM could be further tested by varying the expression level of GP64, as implemented for HA-mediated fusion (Danieli et al., 1996) . Recently, biochemical evidence for a macromolecular assembly of GP64 has been obtained (Markovic et al., in press ).
In the current study, the waiting time between fusion triggering and pore formation was clearly dependent on the target membrane, signifying that the target membrane can control pore formation. Different factors might be responsible for this phenomenon. The absence of gangliosides, known to be receptors for HA, drastically slows fusion of infected MDCK cells with planar bilayers (Melikyan et al., 1993) . Although little is known about GP64 binding, it might be different in Sf9
Op1D /RBC and Sf9
Op1D /Sf9 cell pairs. Extensive cleavage of host membrane proteins by chymotrypsin in the HAb2/bilayer system significantly decreases waiting times (Melikyan et al., 1995a) . From this perspective, an assumed "overcrowding" of target membrane proteins in Sf9 cells also might cause a delay between fusion triggering and pore formation. Another factor that could determine the duration of t w is the lipid composition. According to the stalk-pore model of fusion, asymmetrical membranes, containing lipids with negative spontaneous curvature (e.g. phosphatidylothanolamine) in their outer monolayer and lipids with positive spontaneous curvature (e.g. lysolipids) in their inner monolayer, should facilitate fusion (see Chernomordik et al., 1995, for a review) . RBCs might have a more suitable (i.e., more "fusable") membrane composition for fusion than Sf9 cells. Because the treatment of HA-bearing MDCK cells with colchicine and cytochalazine B does not affect the distribution of t w , it is not likely that the cytoskeleton influences pore latencies (Melikyan et al., 1993) . Also, the nonuniformity of the Sf9
Op1D /Sf9 t w distribution ("fast" points are followed by slower ones after a short break; see Fig. 6 ) might indicate that in our experiments, Sf9 cells were represented by two subpopulations regarding some unknown factors important for fusion. Thus although the current study indicates that fusion pore formation in Sf9
Op1D /RBC cells is faster than that in Sf9 Op1D /Sf9 cells, the reason for this difference remains unclear.
In summary, we found some aspects of fusion pore formation that are determined by the target membrane and others that are not. The viewpoint that a protein-lipid complex mediates membrane fusion can best describe data on fusion pore formation to date (Chernomordik et al., 1998; Zimmerberg et al., 1991) .
MATERIALS AND METHODS
Generation of stably transfected cell lines
Spodoptera frugiperda (Sf9) cells were cultured in complete TNM-FH medium containing 10% fetal bovine serum (Hink, 1970) at 27°C. To generate stably transfected cell lines, Sf9 cells at passage 80 were used for transfections and subsequent selection. Transfections, antibiotic selection, and screening were performed essentially as previously described (Monsma et al., 1996; Southern and Berg, 1982) . Sf9 cells (3 ϫ 10 5 cells/well of a standard 24-well plate) were transfected with 2 g of p64-166 and 1 g of pAcie1-Neo using calcium phosphate precipitation (Blissard and Rohrmann, 1991; Monsma et al., 1996) and incubated at 27°C for 24 h. Cells were then replated at a density of ϳ2000 cells/cm 2 and incubated for 24 h at 27°C. The medium was replaced with TNM-FH containing 10% fetal bovine serum plus 1 mg/ml G148 (Geneticin; GIBCO BRL, Gaithersburg, MD), and cells were incubated for 2 weeks at 27°C. Surviving single colonies were isolated using sterile wooden applicators, grown to confluency, and screened for GP64 expression. The monoclonal antibody AcV5 was used to compare relative GP64 expression levels by indirect immunofluorescence. A clone that expressed high levels of OpMNPV GP64 was identified and further subcloned from single cells by limiting dilution. Ten resultant colonies were selected and propagated, and flow cytometry was used to compare the GP64 surface density in uninfected Sf9 cells, AcMNPV-infected Sf9 cells, and transiently transfected Sf9 cells.
For flow cytometry, cells were gently suspended in TNM-FH complete medium containing 0.02% w/v NaN 3 and incubated for 20 min at room temperature (RT). Cells at a density of 10 6 cells/250 l were incubated with an anti-Gp64 sol (see Oomens et al., 1995) antiserum (diluted 1:20,000 in binding buffer; the binding buffer is PBS, pH 7.0, containing 1% w/v gelatin and 0.02% NaN 3 ) for 40 min at RT. After washing twice with PBS-NaN 3 (PBS containing 0.02% NaN 3 , pH 7.0), cells were incubated with an FITC-conjugated goat anti-rabbit secondary antibody (diluted 1:100 in binding buffer; Pierce, Rockford, IL) for 40 min at RT. Cells were washed four times in PBS-NaN 3 and resuspended in 350 l of PBS-NaN 3 for flow cytometry. For each cell type, control samples were incubated without antibodies or with only secondary antibody. Fluorescence was analyzed on an EPICS flow cytometer (Coulter, Miami, FL) , and fluorescence data were collected for 1 ϫ 10 4 cells from each sample. Dead cells were excluded from analysis by gating the live cell population based on the ratio of forward to side scatter. For comparisons of surface levels, Sf9 cells were transfected with plasmid p64-166 (Blissard and Wenz, 1992 ; 1 g of plasmid/1.25 ϫ 10 5 cells), and flow cytometry was performed at 44 h posttransfection.
For confocal microscopy, Sf9 Op1D and Sf9 cells were plated on microscope coverslips and fixed at RT with either 4% paraformaldehyde in PBS for 30 min or 100% methanol for 5 min. Fixed cells were blocked with PBS plus 1% gelatin for 2 h at 27°C and then incubated with tissue culture supernatant containing monoclonal antibody AcV5 (diluted 1:25 in PBS plus 0.5% gelatin) for 45 min at 27°C. After washing once with PBS, cells were incubated with a goat anti-mouse antibody conjugated with FITC (diluted 1:75 in PBS plus 0.5% gelatin) for 45 min at 27°C and then washed four times in PBS. Coverslips with cells were then mounted onto microscope slides in a solution of 90% glycerol, 2.5% 1,4-diazobicyclo-[2.2.2]octane (DABCO), and 50 mM Tris. Samples were scanned on a BioRad MRC-600/Zeiss Axiovert confocal microscope system (BioRad, Hercules, CA); fluorescence and differential interference contrast (DIC) images were generated digitally.
For electron microscopy, cells were lifted from the tissue culture flask and fixed with 3% glutharaldehyde in sodium phosphate buffer for 1 h in RT and overnight at 4°C. The cells were postfixed in 1% osmium tetroxide for 1 h and stained en bloc with uranyl acetate. They were then dehydrated with ethanol solution and acetone and infiltrated with epon-Araldite mixtures. The epon-Araldite blocks were polymerized at 60°C for 48 h. Ultrathin sections were cut using a UCT microtome (Leica, Germany) and stained with saturated uranyl acetate in 25% methanol and Reynold's lead citrate. The sections were examined in a 100 CX transmission electron microscope (JEOL, Japan).
Electrophysiological experiments
For whole-cell recordings, the internal solution consisted of 111 mM K glutamate, 13.8 mM KCl, 1.7 mM MgCl 2 , 8.5 mM HEPES, 4.3 mM EGTA, and 43 mM sucrose, pCa 8, pH 7.2. The external solution consisted of 47.4 mM NaCl, 8.5 mM KCl, 3.4 mM CaCl 2 , 4.3 mM MgCl 2 , 4.3 mM glucose, 1.5 mM 2-(N-morpholino)ethanesulfonic acid, and 164 mM sucrose, pH 6.2. A fusion-triggering highly buffered acidic solution, consisting of 43 mM Na citrate, 43 mM NaCl, 8.5 mM KCl, 3.4 mM CaCl 2 , 4.3 mM MgCl 2 , 4.3 mM glucose, and 17.2 mM sucrose, pH 5.0, was delivered to cells by ejection from a micropipette, placed at about one cell diameter from a cell pair. Ejections were performed using a PV 830 pneumatic picopump (WPI, Sarasota, FL). Patch pipettes had a resistance of 1-2 M⍀. Experiments were carried out at RT. Heterogeneous Sf9 Op1D /Sf9 cell pairs were made as follows. Sf9 cells were labeled with 1 M cytoplasmic dye Calcein AM (Molecular Probes, Eugene, OR) for 15 min, and washed three times. Labeled cells were lifted, mixed with Sf9
Op1D cells in a 1:1 ratio, and transferred into an experimental chamber. Cell pairs containing one labeled and one unlabeled cell were selected for electrophysiological experiments. For Sf9
Op1D /RBC pairs, human erythrocytes were simply added to the experimental chamber over attached Sf9
Op1D cells. Erythrocytes were occasionally labeled with the membrane dye PKH26 (Sigma Chemical, St. Louis, MO).
Time-resolved admittance measurements were performed using a computer program as described previously (Ratinov et al., 1998) . Briefly, a 2-kHz, 50-mV peakto-peak single sinewave was superimposed on the holding potential (Ϫ20 mV). The automated Neher-Marty technique was used for phase adjustments. Sinusoidal current was filtered at 5 kHz, acquired at 40 kHz, and separated "online" into in-phase (I 0 ), out-of-phase (I 90 ), and direct current components (I DC ) by use of a computer program. Subsequently, I 0 , I 90 , and I DC were converted into real (Re) and imaginary (Im) parts of the pipet-cell admittance (Y). The input conductance (G DC ) was also computed. Fusion pore conductance (G p ) and the capacitance of an RBC (C m2 ) were calculated using the following equations:
C m2 ϭ (⌬Re 2 ϩ ⌬Im 2 )/(ԽT Խ 2 ⅐ ⅐ ⌬Im)
where ⌬Re and ⌬Im are fusion-induced increments in Re and Im, ϭ 2f, f is the frequency of the stimulating sine wave, and T is the scaling factor. T was calculated as 1/(1 ϩ j C m1 /G a ), where C m1 is the capacitance of the patch-clamped (Sf9) cell, and G a is the access (pipet) conductance as measured with the capacitance neutralization circuitry of a patch-clamp amplifier.
To study the kinetics of membrane fusion, the waiting time (t w ) was measured from the onset of the pressure pulse to deliver low pH solution until fusion pore appearance. The distribution of t w was displayed as a semilog survival plot. P t , the probability that a fusion pore has not yet appeared at time t, was defined as 1 Ϫ N t /N e , where N t is the number of pores that have formed by time t, and N e is the total number of experiments (Melikyan et al., 1993) . To fit P t , the theoretical probability function, P(t), was derived on the basis of the multielement parallel model (Plonsky and Zimmerberg, 1996) :
where k 1 and k Ϫ1 are forward and backward rate constants for a multiple element a, respectively; n is a number of a required for fusion; and k 2 is a rate constant for a single element b. According to MPM, fusion occurs when n elements a and one element b enter their permissive state. Experimental data were fit using the Marquardt-Levenberg algorithm, as implemented in SigmaPlot (Jandel Scientific, Corte Madera, CA). The coefficient of determination (R 2 ) was used for estimation of the goodness-offit. Except for two-sample KS tests, statistical analysis was performed as implemented in SigmaStat (Jandel Scientific, Corte Madera, CA) with ␣ ϭ 0.05. For statistical description, data samples were challenged by onesample KS (normality of distribution) and Levene median (equality of variance) tests. Normally distributed data were represented by their mean and standard deviation values. The strength of the association between pairs of variables was measured by calculating the Pearson correlation coefficient, r s . For comparison of two samples of data, the parametric unpaired t test or nonparametric KS test was used. For this latter test, D max was calculated as D max ϭ max Խcdf 1 Ϫ cdf 2 Խ , where cdf 1 and cdf 2 are cumulative distribution functions of two data samples. The null hypothesis was rejected if D max exceeded the tabulated value, D tab (Hays and Winkler, 1970) .
